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Abtract 
Cassava chips with dimension 5x2x0.4cm were dried at 600C, 700C and 800C in a laboratory tunnel dryer. Kinetics 
of drying was investigated using Fick’s second law. Drying pattern was observed to be in the falling rate period. Non 
linear regression analysis was used to fit in the experimental data and the coefficient of determination was found to 
be greater than 0.97 for all the models. The values of R2, RMSE, MBE and reduced chi square showed that 
Logarithm model best described the drying behaviour of the samples. The value of activation energy was found to be 
30kJ/mol  
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Nomenclature 
 
a,b,c,k, k1, k2  Drying constant in the model 
l   half of the thickness of the sample (m2) 
Deff   effective diffusivity, m2/s 
D0   pre-exponential factor, m
2/s 
Ea   activation energy, kJ/mol 
M0    initial moisture content of the sample (g water/g solid) 
Mi    instantaneous moisture content of the sample (g water/g solid) 
Me    equilibrium moisture content of the sample (g water/g solid) 
MBE   mean bias error 
MR   moisture ratio 
MRexp   experimental moisture ratio 
MRpre   predicted moisture ratio 
n   Drying constant in the model 
N   number of observation 
R   universal gas constant kJ/mol K 
RMSE  root mean square error 
R2   coefficient of determination 
t   drying time (hr) 
χ2   reduced chi square 
z   number of constant in the models 
 
 
 
1. Introduction  
Cassava (Manihot esculentus crantz) is a popular energy crop consumed in the tropics and in many regions of the 
world (Ugwu and Odo, 2008). Cassava is the fourth most important energy staple in the tropics and the sixth global 
source of calories in human diets apart from rice, maize and wheat (FAO, 2004). It ranks the 7th most important crop 
of the world and constitutes a staple food for about 12.5% of the world’s population (Hann and Keyser, 1985). It is a 
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highly important crop in Africa because of its high percentage of carbohydrate and serves as a cheap source of 
calories for human population and its utilization for industrial purpose such as starch, alcohol, adhesives and 
livestock feed is yet to be maximally used in Nigeria. (FAO, 2004). Besides serving as the primary staple food for 
millions of people, it can be converted into dried, stable products such as chips and pellets which are useful as basic 
raw material in animal feed formulations, ethanol production and cassava beer (Ashaye et al., 2005). 
The abundance of cassava tubers and its myriads economic importance calls for thorough research on the product. 
Cassava chips are the most common form in which dried cassava root are marketed and most exporting countries 
produce them, it is a rich source of cassava pellet, alcohol, industrial starches and cassava beer (Wheatly et al., 
1995). The cassava tubers are peeled and sliced to irregular shapes which vary in sizes after which they are dried and 
stored in silos; they are produced extensively in Thailand, Malaysia, Indonesia, some part of Africa and some parts 
of European countries (Tewe, 1994; Wheatly et al., 1995 and FOS, 2000). In Nigeria, since cassava has high 
moisture content, the chips are subjected to drying traditionally using heat from sun but this method requires much 
time which may result to spoilage organism attack as well developing off- flavour on storage after drying. Because of 
this problem, there is need to develop an effective drying technology to convert the product into stable form for 
industrial and export purposes. The objective of the study is to use mechanical drying system to convert raw cassava 
roots to dried cassava chips which can be stored and preserved as raw material for production of value added product 
such as starch and ethanol. However, to achieve this purpose, there is a need to develop mathematical model which 
can predict accurately the drying behaviour of sample in the dryer. Therefore a mathematical model anchored on 
drying kinetics which normally based on the physical mechanisms of internal heat and mass transfer to the material 
being dried which controls the process resistance as well as on structural and thermodynamic assumptions must be 
modelled.  
2. Materials and Methods 
(a)Drying Experiment 
Cassava tubers used for the experiments were procured from Ladoke Akintola University Teaching and Research 
Farm. The tubers were peeled with a stainless knife and cut into chips of dimension 5cmx2cmx0.2cm using vernier 
caliper. The chips were loaded into the tunnel dryer for drying process. The dryer was built in the Department of 
Food Science and Engineering, Ladoke Akintola University of Technology, Ogbomoso Nigeria. The dryer was 
installed in an environment of 50% relative humidity and 300C. Steady state of temperatures was achieved in the 
dryer before the chips were loaded. The drying process was performed at 600C, 700C and 800C. The samples were 
removed from the dryer and weighed manually at one hour interval to monitor moisture loss. Drying process was 
truncated when two consecutive sample weights remained constant.  
(b)Mathematical model 
In this work, a simplified Fick’s second law of diffusion was adapted for moisture diffusion which is governed by 
equation 1 
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Where w is the local moisture content (g water/g mass), t is the drying time (s), x is length (m), Deff is the diffusion 
coefficient in solid (m2/s). The following assumptions were made. (a) the food sample was one-dimensional (b) the 
initial moisture content was uniform throughout the solid. 
To determine the drying characteristics of the chips, the experimental data were fitted into six different models as 
presented in Table 1. These models described the relationship between moisture loss and drying time with various 
coefficients attached to each model.  
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Table 1: Mathematical drying models 
Models Equation References 
Henderson and Pabis 
Logarithms 
Newton 
Page  
Two term 
Wang and Sing 
MR=aexp(-kt) 
MR=aexp(-kt) +c 
MR=exp(-kt) 
MR=exp(-ktn) 
MR=a exp(k1t) + b exp(k2t) 
MR= 1+ at+ bt2 
Chinnman, (1984) 
Togrul and Pehlivan, (2003) 
Kingly et al., (2007) 
Karathanos and Belessiotis, (1999) 
Hodge & Taylor, (1999) 
Wang and Singh, (1978) 
 
(c)Statistical Analysis 
The constants of each model were estimated using a non-linear regression analysis performed using Statistical 
Package for Social Scientist (SPSS 15.0 versions) software. Statistical criteria such as coefficient of determination 
(R2), reduced chi-square (χ2), root mean square error (RMSE) and mean bias error (MBE) were used to test the 
reliability of the models. A good fit is said to occur between experimental and predicted values of a model when R2 
is high and χ2, RMSE and MBE are lower (Demir et al., 2004). The RMSE gives the deviation between the predicted 
and experimental values and it is required to reach zero (Gohank et al., 2009). The comparison criteria method was 
determined using equations 2, 3 and 4: 
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(d) Determination of moisture diffusivity 
 
The simplified equation of Fick’s law of moisture diffusion was adapted to determine the effective moisture 
diffusion from the samples during drying. For slab geometry, equation 1 was simplified to form equation 5 according 
to Srikiatden and Roberts, (2005) which is represented thus: 
MR= 
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Where Deff is the moisture diffusivity (m
2/s), t is the drying time (s), l is the half of the slab thickness (m), MR= 
dimensionless moisture ratio, Mi = instantaneous moisture content (g water/g solid), Me =equilibrium moisture 
content (g water/ g solid), Mo = initial moisture content (g water/ g solid). However, due to continuous fluctuation of 
relative humidity of the drying air in the dryer, equation 5 is simplified in equation 6 according to Dimente and 
Munro, (1993) and Goyal et al., (2007) 
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The effective moisture diffusivity (Deff) was calculated from the slope of plot of ln MR against drying time (t) 
according to Doymas, (2004) and is represented in equation 7 
k=
24l
tDeff
                                                                                                                                                                          7                                                                                                                             
Where k is the slope. 
The model that best described the drying behaviour of the samples was used to evaluate the moisture diffusivity of 
the samples. 
(e) Determination of Activation Energy 
The effect of temperatures often affects the effective moisture diffusivity of the product during drying. The 
correlation of temperature and moisture diffusion is inversely related as expressed using Arrhenius equation. 
RT
E
DD aeff
−
= exp0  
Where D0 is the pre-exponential factor of the Arrhenius equation in m
2/s, Ea is the activation energy in kJ/mol, R is 
the universal gas constant in kJ/mol K and T is the absolute air temperature in K. The activation energy was 
calculated by plotting the natural logarithm of Deff against inverse of the absolute temperature. Detail of the plot is 
found in Figure 3 
3. Results and Discussion 
(a)Drying Assessment of the Chips 
The drying behaviour of the chip is shown in Figure 1. The curve exhibited falling rate period which often is the 
characteristics of most agricultural products as reported by Karel and Lund, (2003); Ramaswamy and Marcotte, 
(2006) Velic et al., (2007) and Ajala et al., (2012). Samples dried at 600C and 700C exhibited a single falling rate but 
it was however observed that sample dried at 800C exhibited a second falling rate period when moisture loss was 
1.76 g water/g solid and drying time was 3 hours. By comparing the gradient of the two falling rate period, it was 
observed that the first falling rate had the steepest gradient (from moisture content of 4.50 g water/ g solid to 1.76 g 
water/ g solid in three hours) compared with the second falling rate period (0.91 g water/ g solid to 0.19 g water/ g 
solid in six hours). The reason for higher moisture removal in the first falling rate was that moisture percentage was 
higher in the sample for drying at the initial stage. This observation was earlier reported by Ajala et al., (2011).  
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Figure 1: moisture content against time 
The effect of temperatures on the moisture ratio of the chips is shown in figure 2. The figure showed that increase in 
temperature increased drying rate hence reduced drying time. For instance, it took 10 hours to reduce moisture from 
1.00 to 0.04 for sample dried at 800C; drying took 13 hours to reduce moisture from 1.00 to 0.04 for samples dried at 
700C and it took 15 hours to reduce moisture from 1.00 to 0.04 for chips dried at 600C. From this analysis, 
temperature seemed to play a major factor in the drying of the samples as well as other agricultural produce as 
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reported by Abraham et al., (2004). Drying was faster at 800C because there was higher heat transfer to the sample 
and consequently higher mass transfer of moisture from the sample which resulted in lower drying time as reported 
by Aghbashlo et al., (2009)    
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Figure 2: Moisture ratio against time 
(b) Models Evaluation using statistical criteria 
Table 1 and 2 show the statistical and constant values for all the models tested respectively. In all the models, the 
values for R2 were greater than 0.986 in all which proved that all the six models gave good fit to the experimental 
data. A good fit occurred when R2 is high and reduced chi square, MBE and RMSE are low (Ahmet et al., 2007). 
The highest value R2 was 0.997 found in Logarithms model while the lowest value was 0.953 found in Wang and 
Sing model. The lowest value of reduced chi square was 0.0002 found in Logarithms model while the highest value 
was 0.0044 found in Wang and Sing model. Therefore Logarithms model was considered the best model in the 
present study to represent hot air drying characteristics of cassava chips and hence it was used further to determine 
the values for effective diffusivities of moisture transfer during the drying process of the chips. The detail values of 
constants of the models were presented in Table 2; constant ‘a’ had highest and lowest values of 1.052 and -0.248 
found in Logarithms and Wang and Sing models respectively; constant ‘b’ had the highest and lowest values of 
0.218 and 0.008 found in Two-Term models. The values for constant ‘c’ were 0.029, 0.025 and -0.017 found in 
Logarithms model while the highest and lowest values for constant ‘k’ were 0.358 and -0.277 found in Henderson 
and Pabis and Page models respectively. The values for ‘k1’ in Two-term were 0.292, 0.306 and 0.358 while the 
values for ‘k2’ were -0.014, -0.096 and 0.358. Furthermore, the values for constant ‘n’ were 0.973, 1.032 and 1.182. 
Figure 3 showed the comparison of experimental moisture ratio to predicted moisture ratio obtained from Logarithms 
model. The figure pictured a good agreement between the predicted and experimental data which implied that 
Logarithms model is suitable to describe the drying process of the chips using tunnel dryer in the range of the 
experimental design. 
(c) Determination of Effective Moisture Diffusivity  
The values of moisture effective diffusivity are shown in Table 4; it ranged from 2.43x10-11 at 600C, 3.45x10-11 at 
700C and 4.52 x10-11 at 800C. The data showed that moisture diffusion is temperature dependent. The value of Deff 
increased as the temperature increased. 
 
Chemical and Process Engineering Research                                                                                     www.iiste.org 
ISSN 2224-7467 (Paper) ISSN 2225-0913 (Online) 
Vol 4, 2012 
 
 
6 
 
0
0.2
0.4
0.6
0.8
1
1.2
0 2 4 6 8 10 12 14 16Time (hr)
M
o
is
tu
re
 r
a
ti
o
 Exp (60°C)
 Exp (70°C)
 Exp (80°C)
 Pred (60°C)
 Pred (70°C)
 Pred (80°C)
 
Figure 3 Experimental and predicted moisture ratio against time 
This was because moisture lost faster at higher temperatures than lower temperatures. The same observation has been 
reported by Hawlander et al., (1991), Belghit et al., (1999), Abraham et al., (2004) and Guine et al., (2009). The 
values of moisture diffusivity in this study was in the range of food products (10-7 to 10-12) as reported by Hii et al., 
(2009). However, the values were less than the values of pretreated cassava chips reported by Tunde-Akintunde and 
Afon, (2009) which was (7.31 x 10-7 m2/s to 8.06 x 10-7 m2/s). The reason could be because of varied cultivars or that 
the effect of pretreatment induced and increased the diffusion rate of moisture in the samples. Furthermore, the 
values were in agreement with other research work such as Doymas, (2004) with value of 4.26x10-11 m2/s for garlic 
slices.  
Table 2: Values of statistical parameters 
Model  Temp  R2 χ2 MBE RMSE 
Henderson 
and Pabis 
60 0.995 0.0004 -0.0059 0.0200 
70 0.993 0.0006 -0.0048 0.0241 
80 0.989 0.0011 0.0017 0.0310 
Logarithms 60 0.997 0.0002 0.0009 0.0140 
70 0.994 0.0006 0.0008 0.0218 
80 0.989 0.0013 -0.0018 0.0305 
Newton 60 0.995 0.0004 -0.0059 0.0197 
70 0.992 0.0006 -0.0063 0.0249 
80 0.987 0.0012 -0.0019 0.0338 
Page 
 
60 0.996 0.0004 -0.0047 0.0197 
70 0.992 0.0007 -0.0077 0.0250 
80 0.993 0.0008 --0.0073 0.0259 
Two terms 60 0.998 0.0003 0.0016 0.0148 
 70 0.994 0.0006 0.0001 0.0219 
 80 0.989 0.0015 0.0017 0.0310 
Wang and 
Sing 
60 0.953 0.0044 0.0134 0.0624 
70 0.964 0.0035 0.0027 0.0551 
80 0.985 0.0019 -0.0007 0.0392 
 
(d) Activation Energy 
Figure 4 shows the activation energy which was determined by the plot of natural logarithm of effective diffusivity 
(lnDeff) against the inverse of absolute temperature (1/T). The gradient of the curve gave the value of activation 
energy (Ea) to be 30.30kJ/mol and diffusivity coefficient (D0) to be 1.39x10
-6m2/s. The value of activation energy in 
this study is comparable with other research work. For instance, the value is greater than Bon et al., (1997) report on 
potato which was 20kJ/mol. It is also greater than that of Doymaz, (2004) report on carrot which was 28.36 kJ/mol 
but less than the value got by Park et al., (2002) for mint leaves which was 82.93 kJ/mol and also less than that of 
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Mazza. and Lemaguer, (1980) on onion which was 57 kJ/mol. The value of diffusivity constant (D0) in this work is 
less than the value reported by Kuitche  et al., (2007) which is 1.8x10-5m2/s for pretreated okra but it is in agreement 
with the value reported by Hii et al., (2009) which is 4.08x10-6m2/s for cocoa. The variation in the values definitely 
could be as a result of different species of products being considered. 
Table 3: Values for model constants 
Model  Temp  a b c k k1 k2 n 
Henderson 
and Pabis 
60 1.006   0.267    
70 1.002   0.290    
80 1.040   0.358    
Logarithms 60 0.991  0.029 0.294    
70 1.007  0.025 0.313    
80 1.052  -0.017 0.342    
Newton 60    0.266    
70    0.284    
80    0.345    
Page 
 
60    -0.277   0.973 
70    -0.271   1.032 
80    -0.276   1.182 
Two terms 60 0.996 0.024   0.292 -0.014  
 70 1.023 0.008   0.306 -0.096  
 80 0.821 0.218   0.358 0.358  
Wang and 
Sing 
60 -0.179 0.008      
70 -0.199 0.010      
80 -0.248 0.016      
 
Table 4: Values of effective moisture diffusivities at different temperatures 
Drying air velocity (m/s) Drying air temperature (0C) Effective moisture diffusivity (m2/s) 
(Deffx 10
-11) 
2.1 
2.1 
2.1 
60 
70 
80 
2.43 
3.45 
4.52 
 
Determination of Activation Energy 
R2 = 0.9974
-24.5
-24.4
-24.3
-24.2
-24.1
-24
-23.9
-23.8
-23.7
0.0028 0.00285 0.0029 0.00295 0.003 0.00305
Temperature inverse (1/K)
L
n
 D
 
 
Figure 4: Plot of ln Deff against Temperature Inverse 
 
4. Conclusion  
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Cassava chips were dried in a convectional tunnel dryer at three temperatures 600C, 700C and 800C. From the 
experimental analysis, it was observed that drying took the single falling rate period except at 800C where samples 
experienced second falling rate period. Also temperature played an important factor in removing moisture in the 
samples; at higher temperature of 800C, samples dried faster than at 600C. The effective moisture diffusivity of the 
sample was within the range of agricultural produce and it increased as temperature increased. The activation energy 
of the sample was comparable and was within the range of other agricultural product. Fick’s law of diffusion for thin 
layer drying can be used to model drying characteristics of cassava chips in tunnel dryer  
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